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Abstract
The models of large extra compact dimensions, as suggested by Arkani-Hamed,
Dimopoulos and Dvali, predict exciting phenomenological consequences with gravita-
tional interactions becoming strong at the TeV scale. Such theories can be tested at the
existing and future colliders. In this paper, we study the contribution of virtual Kaluza-
Klein excitations (both spin-0 and 2) in the process e+e− → HHZ and e+e− → HHγ
at future linear collider (NLC). We find that the virtual exchange KK gravitons can
modify the cross-section σ(e+e− → HHZ) significantly from its Standard Model value
and will allow the effective string scale to be probed up to 6.6 TeV. The second process
is absent at the tree level in the standard model, and can therefore be used to put
limits on the effective string scale of 7.4 TeV.
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1 Introduction
The concept of large extra dimensions and TeV scale gravity introduced by Arkhani-Hamed,
Dimopoulos and Dvali, better known as ADD model [1] has attracted a lot of attention.
In this scenario, the total space-time has D = 4 + n dimensions, where gravity lives in n
additional large spatial dimensions of size R. The standard model particles are confined to
the usual 3 + 1-dimension.
The effective 4D Planck scale, MP l ∼ 2.4 × 1018 GeV , is related to the fundamental
Planck scale MS in (4 + n) dimension by
M2P l ∼ RnMn+2S (1)
Thus, for the large extra-dimensions, it is possible to have a fundamental scale MS as
low as a TeV [1], solving the gauge hierarchy problem of the standard model. With MS ∼
TeV, for n = 1 the value of R (∼ 1011 millimeter ) is ruled out by gravitational experiments.
On the other hand, n ≥ 2, we get R ≤ mm, a range that is still allowed by gravitational
experiments.
Each graviton couples to the standard model matter and gauge particles through energy-
momentum tensor and its trace, with the strength suppressed by powers of the 4-dimensional
Planck scale, MP l. However, from the 4-dimensional point of view, the massless gravitons
propagating in the (4+n)-dimensional bulk are seen as massive towers of Kaluza-Klein (KK)
modes of excitations with spin-0, spin-1 (which decouples ) and spin-2. The mass spectrum
of these KK modes can be treated as a continuum, since their mass splitting ∼ 1/R is about
10−4 eV for n = 2 and for n = 6 it is of the order of a MeV. After summing over these
KK modes one gets enhancement of KK graviton coupling to standard model matter and
gauge particles to powers of (
√
s/MS) [1], where
√
s is the available energy for the process.
The Feynman rules for this theory have been developed considering a linearized theory of
gravity in the bulk in Ref. [2, 3]. These new interactions can give rise to several interesting
phenomenological consequences testable at present and future colliders [4]. The effect of
these new interactions can be observed either through production of real KK modes, or
through the exchange of virtual KK modes in various processes [4, 5, 6].
In this paper we will consider the process e+e− → HHZ and e+e− → HHγ to study the
effect of low-scale gravity at proposed linear colliders with center of mass energy 500 GeV
and beyond. However, one should keep in mind that these processes will not serve as the
dominant discovery channel for KK gravitons, since there are more direct processes for its
discovery [4]. Once the discovery of KK gravitons is established, then the next phase will be
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to look for their effect on some more complicated processes, like the ones discussed here, to
re-confirm their discovery.
In the standard model, HHZ production has been studied in the context of the determi-
nation of the Higgs self couplings [8]. The other channel, HHγ, is a unique process mediated
by virtual gravitons. This process is absent at the tree level in the standard model, there-
fore, the observation of such a process can lead to a possible indication of low scale gravity.
Through out this paper we assume that the Higgs boson will already have been discovered
and its mass determined.
The rest of the paper is organized as follows: In Section 2, we study the production
of HHZ and discuss the effect of KK gravitons. In Section 3, we will discuss how virtual
exchange of gravitons give rise to HHγ final state and discuss the consequences. Section 4
is reserved for the overall discussions and conclusions. In Appendix, we present the graviton
exchange amplitudes for e+e− → HHZ process.
2 e+e− → HHZ
In this section we study the additional contribution of virtual exchange of spin 2 and 0 gravi-
ton modes in models of large extra dimensions to the Higgs pair production in association
with Z. In the standard model, the process e+e− → HHZ has been studied as a means of
determining HHH couplings. The standard model amplitudes and polarized cross-sections
are given in the Ref.[8]. In our analysis, we shall use unpolarized beams. Additional diagrams
arising from the exchange of both spin-2 and spin-0 KK gravitons are shown in Figure 1,
where KK stands for both the spin-2 and spin-0 modes. The amplitudes using the Feynman
rules 3 given in Ref.[3] are presented in the Appendix.
After adding coherently these new amplitudes to the standard model ones, we get the
total amplitude. The new amplitude now depends on Higgs boson mass(MH), center-of-mass
energy(
√
s), fundamental Planck scale (MS), and finally on the number of extra dimensions
(n). Through out our analysis we have fixed the standard model Higgs boson mass at a
representative value MH = 120 GeV. For center of mass energy, we consider three possible
values of
√
s = 0.5 TeV, 1 TeV and 3 TeV at which the future e+e− colliders are expected
to operate [5, 6, 7].
In Figure 2, we represent the total cross-section for MH = 120 GeV and n = 3 as a
3In our analysis we take ξ = 1, the de Donder gauge.
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function of machine energy for three different values of MS = 3.5, 4.5 and 5.5 TeV. The
dashed line represents the standard model prediction and this exhibits the expected fall-off
behavior with energy. For large values of MS, this behavior is preserved, since the graviton
contribution then becomes small. However, when MS is smaller, the cross-section show a
marked increase with energy, showing the well-known feature of gravitational interaction.
It is obvious from this Figure, that at energies around 3 TeV, the graviton contribution
is enormous, if MS is small ( 3.5 TeV); however, a discernible difference exists even when
MS = 5.5 TeV. Thus we can expect larger effects, or in other words stronger bounds on MS
as the machine energy increases.
In Figure 3, we represent the total cross-section as a function ofMS for different values of
extra dimensions n = 3, 4, 5, 6 for two value of machine energies,
√
s = 500 GeV and 1 TeV.
For comparison the standard model cross-sections are given by the dashed lines, which are
independent of MS. From this Figure, we can see that for a given machine energy and MS,
the graviton contribution decreases with the increase in extra-dimension (n). For a given n,
the graviton contribution asymptotically tends to the standard model value with increase of
MS as it should.
In Figure 4, we represent the angular distribution of the Higgs boson. The standard model
distribution (dashed line) shows typical sin2 θ behavior, whereas, the ADD contribution
(solid line), which has in addition spin-2 and spin-0 exchange, can be distinguished from the
standard model very easily. From this distribution, it is evident that larger deviation from
the standard model is expected in the forward and backward regions of the detector, with
0.5 <| cos θ |< 0.8. We assume that the efficiency of the detectors in that region will be
good enough to observe such events. In the central region ( | cos θ |< 0.2 ) of the detector,
the standard model cross-section shows a peak over the ADD contribution.
In Figure 5, we represent the fractional deviation R = |σ(MS)−σSM |
σSM
as a function ofMS for
two values of center of energies, 500 GeV (dashed line), and 1 TeV ( solid line ), where, σ(MS)
is obtained from coherent sum of ADD and standard model amplitudes. The different choices
of extra dimensions (n) are shown along each curve. It is very clear from this Figure, that
higher the machine energy, larger is the deviation from the standard model. We consider that
more than 10% deviation (R = 0.1) from the standard model prediction with an integrated
luminosity L of 2ab−1 will be able to provide reasonable evidence of low-scale gravity. This
argument is based on the result obtained in Ref.[9]. In this paper, the authors have studied
the standard model ZHH production at future e+e− linear collider. They have shown that
at
√
s = 500 GeV, the e+e− → ZHH cross-section can be determined with a 10% relative
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error assuming an integrated luminosity of 2ab−1. In our analysis we use this error (10%)
on the cross-section measurement to determine 5σ discovery limit on MS with the same
integrated luminosity.
For higher center-of-mass energies(
√
s = 1 TeV and 3 TeV), we also assume for simplicity
the same relative error in the ZHH cross-section measurement with the same integrated
luminosity. We think as a first exercise of this kind, the assumption considered here is
sufficient. Before we display our limits on the scale MS, we would also like to stress that the
limits on the string scale MS obtained here are merely indicative. These limits may change
when one considers detector simulations with full estimations of signal and backgrounds.
As we have already mentioned, this process should not be considered as the main channel
to probe the low scale quantum gravity. Since, by the time the next future e+e− collider
starts operating and reaches such a high integrated luminosity, the low scale quantum gravity
model would have been discovered if true.
In the Table 1, we display the 5σ discovery limits on MS as a function of e
+e− center
of mass energy (
√
s), number of extra-dimensions (n) and integrated luminosity. From this
Table, we can appreciate the following features:
• The 5σ limit on MS is weekly dependent on number of extra dimensions (n).
• The 5σ limit on MS obtained for 500 GeV machine is not very promising. In this case
the strongest limit is less than 1 TeV for n = 3.
• The situation become better once we go to a higher center of mass energy. The strongest
limit on MS is 6.6 TeV obtained for n = 3 and at
√
s = 3 TeV.
3 e+e− → HHγ
For the completeness of our study, in this section we discuss the production of HHγ at e+e−
collider through the virtual exchange of spin-2 and spin-0 KK gravitons. The scalar pair
production at e+e− collider in the models of large extra-dimensions has been studied [10].
The Feynman diagrams for e+e− → HHγ are similar to Figure 1, with Z replaced by γ. In
the case of exchange of spin-2 gravitons all the four diagrams (a − d) contribute, while for
spin-0 KK mode exchange, only diagrams (a),(b) and (d) contribute. These three diagrams
form a gauge invariant set, while the diagram (c) vanishes due to Dirac equation and gauge
invariance. In this process, unlike Higgs boson pair production, spin-0 mode of KK graviton
4
√
s MS in GeV
TeV n = 3 4 5 6
0.5 921 769 697 653
1.0 1998 1811 1685 1593
3.0 6598 6036 5634 5332
Table 1: 5σ limit on MS assuming an integrated luminosity of 2 ab
−1 for different center of
mass energies (
√
s). n is the number of extra dimensions.
also contribute. The photon will serve as an additional trigger. We impose the following
identification criteria for the photon [11]:
Eγ > 10 GeV (2)
| cos θγ | < 0.98 (3)
where, θγ defines the photon angle with the e
− beam direction. This angular cut on the
photon removes the collinear divergence. These ‘acceptance’ cuts are more-or-less the basic
ones. Though further selection cuts will become appropriate when a more detailed analysis
is done, it suffices for our analysis, which is a preliminary study.
Unlike the previous case, here the whole contribution comes from the exchange of virtual
gravitons. As before, we fix the Higgs boson mass at the value used in the last section as
also the machine energies.
In Figure 6, we represent the total cross-section for MH = 120 GeV and n = 3 as a
function of machine energy for three different values of MS = 3.5, 4.5 and 5.5 TeV. For a
given MS, the cross-section shows a marked increase with energy, depicting the well-known
feature of gravitational interaction.
It is obvious from this Figure, that at energies around 3 TeV, the graviton contribution
is enormous, if the MS is small ( 3.5 TeV); however, a discernible difference exists even when
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MS = 5.5 TeV. Thus we can expect larger effects, or in other words stronger bounds on
MS as the machine energy increases. In Figure 7, we represent the angular distribution of
the Higgs boson. This particular shape of the distribution is specific to virtual exchange of
gravitons in the process.
In Figure 8, we represent the total production cross-section as a function of MS for
different values of extra-dimensions n = 3, 4, 5, 6 for three values of center-of-mass energies,√
s = 500 GeV (dotted lines), 1 TeV (dashed lines ) and 3 TeV ( solid lines). For a given
√
s
and MS, the graviton contribution decreases very slowly with increase of extra-dimension n.
The main possible source of background to this process is e+e− → ZHγ with Z decays to
bb¯ looking like a Higgs decay. Using the CompHEP [12] we have computed σBeff (= σ(e
+e− →
ZHγ)×Br(Z → bb¯))×Br(H → bb¯)) for e+e− → ZHγ process for three values of √s = 0.5
TeV, 1 TeV and 3 TeV to get a feeling for this background. The numbers are 0.50 fb, 0.15
fb and 0.023 fb for
√
s = 0.5 TeV, 1 TeV and 3 TeV respectively. There are two ways one
can eliminate this background. Firstly, if the Higgs mass is heavier than MZ (which is in
fact true from LEP II data) [13], the invariant mass distribution of particles produced from
Higgs decay will be able to reduce the background. Secondly, it should also be possible to
reduce the background further by studying the angular distribution associated with these
processes. The loop-induced standard model or MSSM Higgs pair production cross-section
for light Higgs mass is of the order 0.1 − 0.2 fb at √s = 500 GeV [14]. This cross-section
will be suppressed by order αem, if an additional photon is produced. When folded with
H → bb¯ branching ratio, the cross-section becomes O(10−4) fb. This cross-section will be
further suppressed by the 3 body phase-space.
To estimate the possible 5σ discovery limit on the scaleMS with an integrated luminosity
of 2ab−1, we only consider the ZHγ as the main source of standard model background. We
multiply the standard model cross-section by the luminosity to get the predicted number of
events. We then estimate the errors assuming that the statistical errors are Gaussian and
that there are no systematic errors. This certainly makes our estimates of the discovery limits
over-optimistic ( especially for for
√
s = 3 TeV, where number of standard model events are
small ). In any case, before more detailed studies of the standard model backgrounds and
the detector design, any estimate of errors must be considered a crude estimate. In Table 2
we display such discovery limits on MS for different machine energies and extra-dimensions.
As expected the strongest limit appears for
√
s = 3 TeV and for n = 3.
6
√
s MS in GeV
TeV n = 3 4 5 6
0.5 1557 1175 993 883
1.0 2847 2154 1834 1637
3.0 7383 5673 4866 4383
Table 2: 5σ discovery limit on MS assuming an integrated luminosity of 2 ab
−1 for different
center-of-mass energies (
√
s). n is the number of extra dimensions.
4 Conclusions
In this paper we have studied the implications of KK graviton contribution to the process
e+e− → HHZ, which has been studied in the standard model. The spin-2 and spin-0
mode of KK gravitons contribute to this process substantially. However, the existence of
low-energy quantum gravity may be discovered through more direct channels as studied by
several groups. Nevertheless, this process will be an independent confirmation for such a
discovery. The 5σ discovery limits on the string scaleMS is obtained assuming an integrated
luminosity of 2 ab−1. We have derived this limit considering 10% error on the HHZ cross-
section measurement at
√
s = 500 GeV at L = 2 ab−1. In reality for higher center-of-mass
energies, the above error may change. However, in our analysis we have assumed it to be
remain the same. The bounds obtained here are only suggestive and may change when
one take into account proper detector simulation, inclusing H and Z decays and imposing
selection cuts on the final state particles and the full background calculation.
Another interesting behavior is shown by the Higgs angular distributions. In the standard
model, the shape behaves like ∼ sin2 θ, whereas it is completely different in the presence of
KK gravitons. Furthermore, we have shown that in the forward and backward regions of the
beam pipe, one would expect larger deviation from the standard model prediction. Hence,
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careful study of Higgs angular distribution may provide evidence of new physics beyond the
standard model.
To complete our analysis we have also studied the e+e− → HHγ process in this model
which is absent at the tree level in the standard model. We have discussed how this mode
can be distinguished from the possible backgrounds. We have obtained the 5σ discovery
limit on MS assuming an integrated luminosity of 2 ab
−1.
5 Appendix
Here we will write down the graviton contribution ( both spin 2 and 0 ) amplitudes for the
process :e+e− → HHZ. In our analysis we have chosen ξ = 1, the so called de Donder gauge.
The Feynman rules used to obtain these matrix elements have been taken from Ref.[3]. The
relation between the fundamental scale MS and the size R of the n extra dimensions is given
by [3]
κ2Rn = 16pi(4pi)n/2Γ(n/2)M
−(n+2)
S (4)
where, κ =
√
16piGN . GN is the four dimensional Newton constant. The amplitudes a − d
and e− h correspond to the exchange of a virtual graviton of spin 2 and 0 respectively.
Ma = − πg
2CW
G P
µναβ
(k1 − p1)2Xαβ
[
v¯(k2)Cµν(k1/ − p1/ )γρ(gv + gaγ5)u(k1)
]
ǫ∗ρ(p1) (5)
Mb = πg
2CW
G P
µναβ
(k2 − p1)2Xαβ
[
v¯(k2)γ
ρ(gv + gaγ5)(k2/ − p1/ )C′µνu(k1)
]
ǫ∗ρ(p1) (6)
Mc = 2πg
CW
G P
ρσαβ
(s−M2Z)
Fρσνλ(gµν − q
µqν
M2Z
)Xαβ
[
v¯(k2)γµ(gv + gaγ5)u(k1)
]
ǫλ∗(p1) (7)
Md = πg
CW
GPµναβXαβ
(
Cµν,ρσ − ηµνηρσ
)[
v¯(k2)γ
σ(gv + gaγ5)u(k1)
]
ǫρ∗(p1) (8)
Me = 16πg
CW
( n
−n2 + 4
)G(p2.p3 + 2M2H)
[
v¯(k2)γ
α(gv + gaγ5)u(k1)
]
ǫ∗α(p1) (9)
Mf = Me (10)
Mg = −
(64πg
3CW
)G n ǫ
µ∗(p1)
(−n2 + 4)(s−M2Z)
(
p2.p3 + 2M
2
H
)Zβµ
[
v¯(k2)γα(gv + gaγ5)u(k1)
](
gαβ − q
αqβ
M2Z
)
(11)
Mh = 32πg
CW
( n
−n2 + 4
)G(p2.p3 + 2M2H
)[
v¯(k2)γ
α(gv + gaγ5)u(k1)
]
ǫ∗α(p1) (12)
where, q = (k1 + k2), k1 and k2 are two incoming four momenta. CW = cos θW , θW the
Weinberg angle, gv and ga are the vector and axial vector couplings of Z to electron.
G = κ
2
16pi
D(s1) (13)
8
Xαβ = (M2Hηαβ − Cαβδηpδ2pη3) (14)
Zβµ = (ηβµM2Z + q′βq′µ − p1µq′β) (15)
Cµν = [γµ(k1 − p1 − k2)ν + (µ↔ ν)]− 2ηµν(k1/ − p1/ − k2/ ) (16)
C ′µν = Cµν(p1 → −p1) (17)
Fρσνλ = [(M2Z − q.p1)Cρσ,νλ +Dρσ,νλ(q,−p1) + Eρσ,νλ(q,−p1)] (18)
P µναβ = ηµαηνβ + ηµβηνα − 2
(n− 2)η
µνηαβ (in de Donder gauge) (19)
where, s1 = (p2+p3)
2, p2 and p3 are four momenta of outgoing Higgs particles. The function
D(s1) counts for the virtual KK state exchanges. Complete expression of D(s1) can be
found in Ref. [3]. q′ =
√
s1 and η
µν is the Minkowski metric tensor. The definitions of
Cρσ,νλ, Dρσ,νλ(q,−p1) and Eρσ,νλ(q,−p1) can be found in [3]. The expression for P µναβ is
taken from Ref.[15]. The amplitudes for the process e+e− → HHγ can be obtained from
Equations (5-12), by puttingMZ = 0, gv = 1 and ga = 0. For spin-2 graviton mode exchange,
all the four amplitudes in Equations (5-8) will contribute, while for spin-0 mode, Equations
(9,10) and Equation (12) will contribute.
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Figure 1: Feynman diagrams of virtual gravitons ( both spin-0 and spin-2) contribution to
the process e+e− → HHZ.
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set to 120 GeV.
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